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ANNUAL STATUS REPORT FISCAL YEAR 1968
U. S. Bureau of Mines NASA Program of Multidisciplinary Research
Leading to Utilization of Extraterrestrial Resources
July 1 1968
Task title:	 Core group activity
Investigator: Thomas C. Atchison, Senior Research Scientist
Location:
	
Twin Cities Mining Research Center
Minneapolis, Minnesota
Date begun:	 April 1965
	 To be completed: Continuing
Personnel:	 Thomas C. Atchison, Supervisory Research Physicist:
David E. Fogelson, Supervisory Geophysicist
Clifford W. Schultz, Metallurgist
James Paone, Supervisory Mining Engineer
} Other Burea-,,: personnel, as assigned
r
PkOGRESS REPORT
Objective
The objective is to provide the basic scientific and engineering knowl-
edge needed for subsequent development of an extraterrestrial mineral.
resource extraction, processing and utilization technology for support-
ing and enhancing the economy of manned lunar and planetary missions.
Summary
During the year the core group monitored the various research tasks at
seven research centers making up the Bureau's extraterrestrial resource
utilization program. They continued to obtain, evaluate, and distribute
information applicable to the program by literature search and direct
contact with groups conducting related research. They also continued to
extract and organize material from Bureau reports to provide periodic
status reports for NASA and they prepared special studies related to the
program when requested by NASA.
This spring the second formal review of the Bureau's program was held
for a panel of NASA scientists and engineers. Continuation of the pro-
gram into the fourth and fifth contract years was approved by NASA and
funding was continued at the rate of $300,000 per year.
Progress During the Year
The core group continued to assist the experimental work of the program
by providing technical information and guidance to the task investigators.
The organization of the program was changed slightly so that it is now
1
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made up of 15 research tasks at 7 Bureau centers. Two of the original
22 tasks were completed in fiscal year 1967. During fiscal year 1968
several groups of tasks were combined so that the work of each team of
researchers is now reported as a single task. It should be kept in
mind that each task is a part of a regular program of Bureau research
and most members of a research team work only part time on the NASA task.
On the average, the effort going into each of the tasks represents about
one man-year,
The core group continued to obtain, study, and distribute background in-
formation of importance to the research program. Special effort was
placed on analyzing the impact of new information from the lunar probes
on the Bureau's research. Visits were made to the USGS Center of Astro-
geology, Flagstaff, Ariz., and the NASA Manned Spacecraft Center, Houston,
Tex., to discuss the latest interpretations of the data from the Surveyor
landings an^i the Lunar Orbiter missions. Atchison participated in a sym-
posium on the Interpretation of Lunar Probe Data at McDonnell Douglas Ad-
vanced Research Laboratories, Huntington Beach, Calif., in January and a
specialists meeting on the Water Resources of the ',inner 'P1anots at Las
Vegas, Nev., in April,
Chemical composition information from Surveyor V, VI, and V11 indicates
the Moon is a differentiated body, probably having a hot interior. The
lunar surface seems to be composed of a variety of materials with char-
acteristics quite like many earth materials. The trenching devices of
Surveyor III and VII demonstrated the existence of lunar surface mate-
rial similar to very fine particle sandy soil, although somewhat more
cohesive than most earth soil of comparable particle size and dryness.
Lunar Orbiter pictures reveal a wide variety of topographical features,
some undoubtedly caused by meteorite impact, some very characteristic
of volcanic activity, and some that indicate other types of tectonic
activity. The Surveyor and Orbiter pictures together show evidence of
some weathering at scales from the very small to the very large. The-
oretical considerations revising upwards the probable lifetime of the
lunar atmosphere, together with observations of some topographical fea-
tures of the lunar surface, are giving rise to a small but growing body
of opinion that water in one form or another may be more plentiful than
previously believed possible.
In general the lunar probe results confirm the need for information of
the type being developed by t:he Bureau on the properties and behavior
of a variety of rocks and minerals that might be excavated, handled,
transported, stored, and used in the lunar environment.
A paper was presented in February at the Annual Meeting of the Working
z	 Group on Extraterrestrial Resources at San Antonio, Tex., describing
the concept, scope, and present status of the Bureau's research on lu-
nar resource utilization. A brief summary was given of the progress
on each of the research tasks making up the program. More detailed
reports on several cf the tasks were presented in three companion papers.
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A meeting was held at the Twin Cities Mining Research Center in MPy to
review and evaluate progress on the Bureau's program since the last for-
mal review meeting held in November 1966. Several scientists and engi-
neers from NASA headquarters and field laboratories served as a review
panel. Members of the research task teams from each of the Bureau cen-
ters engaged in the program attended and discussed the results of their
studies.
The core group prepared and submitted to NASA a proposal for continuing
the Bureau ' s program into its fourth and fifth years. The proposal was
accepted and funds have been made available for continuing the work at
the $300,000 level during fiscal year 1969.
Status of Manuscripts
Summary of Electrical Property Data on Rock, an informal report by'T. C.
Atchison, R. L. Marovelli, and R. E. Griffin, was submitted to NASA in
July.
Engineering Property Measurements on Returned Lunar Samples, a revised
proposal by T. C. Atchison, was submitted to NASA in September.
Proposal for Continuing Bureau Extraterrestrial Resource Utilization
Program, by the core group, was submitted to NASA in September.
Bureau of Mines Research on Lunar Resource Utilization, by T. C. Atchi-
son and C. W. Schultz, was presented at the Sixth Annual Meeting of the
Working Group on Extraterrestrial Reco +.!r:.es at San Antonio, Tex., in
February.
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Selection and sample collection of simulated lunar
materials
David E. Fogelson, Project Leader
Twin Cities Mining Research Center
Minneapolis, Minnesota
September 1965
	 To be completed: Continuing
David E. Fogelson, Supervisory Geophysicist
Other Bureau personnel, as assigned
Task title:
Investigator:
Location:
Date begun:
Personnel:
PROGRESS REPORT
Ob ective
The objective is to select and obtain samples of rocks and minerals
covering the range of materials likely to be found on the Moon.
Summary
During fiscal year 1968 two field trips were made to collect simulated
lunar rocks. Approximately 1 ton of Duluth gabbro and altered latite
were collected. We decided not to replace the altered rhyolite with
the altered latite, and as a result, no changes have been made in our
suite of rocks. At present, our suite of simulated lunar rocks con-
sists of the following rocks: a granodiorite, a rhyolite, an altered
rhyolite, an obsidian, a pumice, a semiwelded tuff, a dacite, a tholei-
itic basalt, three different vesicular basalts, a gabbro, a serpentinite,
and a dunite.
Fogelson presented a paper descrtbing these rocks at the Sixth Annual
Meeting of the Working Group on Extraterrestrial Resources. He also
gave a seminar on the lunar surface and the Bureau's research on util-
ization of extraterrestrial resources at the University of Minnesota.
Progress During the Year
Collection of simulated lunar rocks included resupplying our stock of
Duluth gabbro from northern Minnesota and collecting one-half ton of
altered latite from Big Rock Candy Mountain near Marysvale, Utah. We
have decided not to replace the previously selected altered rhyolite
with the altered latite because the latite is highly fractured and dif-
ficult to mine in the size blocks we require. While the altered rhyo-
lite is also fractured and not t,Io desirable as a testing matvr,ial,
large blocks can be secured. With care, adequate test specimens can
be prepared.
Fogelson continued throughout the year to review the literature con-
cerning the nature of the lunar surface. He prepared a paper on the
simulated lunar rocks for the Sixth Annual Meeting of the Working
Group on Extraterrestrial Resources at San Antonio, Tex., in February.
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Measurement of resis-
tivity
Surveyor simulation
studies
Remote sensing studies
AMRM
The paper out1 4 -d the reasons for selecting these: rocks and summarized
the results of ,me of the property measurements that have been made.
It also contained complete petrographic descriptions and chemical anal-
yses of each of the rocks, together with photographs of hand specimens
and photomicrographs of thin sections.
Many research groups engaged in lunar surface studies are now using the
Bureau's simulated lunar rocks. Table 1 lists groups that we have sup-
plied with rock samples. Data from these studies are being furnished
to us and will be summarized, together with data from our own studies,
in future Bureau publications.
TABLE 1. - Research groups supplied with Bureau's
simulated lunar rocks
Date	 Group	 Purpose
March 1966 Denver Research Institute,
Denver, Colo.	 (Plunkett)
July 1966 NASA Ames Research Center,
Moffett Field, Calif.
(Snouse)
June 1967 NASA Marshall Space Flight
Center, Huntsville, Ala.
(Weathers)
October 1967 Air Force Institute of
Technology, Wright-
Patterson Field, Ohio
(Johnson)
December 1967 NASA Goddard Space Flight
Center, Greenbelt, Md.
(Lowman)
March 1968 General Dynamics, Ft.
Worth, Tex. (Henderson)
March 1968 Jet Propulsion Lab.,
Pasadena, Calif.	 (de Wys)
March 1968 Martin Marietta, Denver,
Colo.	 (Gliozzi)
March 1968
	 Litton Industries, Min-
neapolis, Minn. ^'Vehner)
I easurement of electro-
magnetic properties
Measurement of reflec-
tance properties
Vacuum studies
Lunar soil studies
Martian soil studies
Sputtering studies
5	 ^x
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Date	 Group	 Purpose
April 1968	 USES Astrogeology Center, 	 Chemical composition
Flagstaff, Ariz. (Schaber)
	 studies
April 1968	 North American Rockwell,	 Remote sensing studies
Downey, Calif. (Chandler)
April 1968
	
USArmy Cold Regions Re-	 Thermal property
search and Engineering	 measurements
Lab., Hanover, N. H.
(Mellor)
June 1968	 University of Pittsburgh,	 Raoiation damage studies
Pittsburgh, Pa. (Hapke)
June 1968	 Gulf General Atomic, San	 Laser irradiation
Diego, Calif. (Baker)
	 studies
I
Status of Manuscriats
Simulated Lunar Rocks, by D. E. Fogelson, was presented at the Sixth
Annual.. Meeting of the Working Group on Extraterrestrial Resources at
San Antonio, Tex., in February.
Utilization of Lunar Resources and the Lunar Surface, by D. E. Fogelson
and T. C. Atchison, was presented at University of Minnesota seminar in
April.
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Task title:	 Physical properties of simulated lunar materials
Investigator: Thomas C. Atchison, Senior Research Scientist
Locaiion:	 Twin Cities Mining Research Center
Minneapolis, Minnesota
Date begun:	 October 1965
	
To be completed: continuing
Personnel:
	
All projects are participating
PROGRESS REPORT
Objective
The objective is to incorporate simulated lunar materials into basic
fragmentation research currently in progress, and by this means to de-
termine the composition, elastic, strength, surface, thermal, electri-
cal, magnetic, and explosive shock properties of simulated lunar mate-
rials in earth environment.
Summary
Property measurements on the 14 simulated lunar rocks continued through-
out the year in conjunction with research in progress in a number of the
Twin Cities Center laboratories. Results of the property measurement
work were summarized in a report on the simulated lunar rocks presented
at the annual meeting of the Working Group on Extraterrestrial Resources
at San Antonio, Tex., in February.
Progress During the Year
Property measurements completed during the past year included addition-
al mechanical, acoustical, and anisotropy studies in the Rock Physics
laboratory, microstructural studies in the Fabric Analysis laboratory,
thermal and electrical property measurements in the Thermal Fragmenta-
laboratory, strength and hardness measurements in the Mechanical Frag-
mentation laboratory, and magnetic and explosive cratering properties
by the Explosive Fragmentation group. Petrographic and chemical anal-
yses on all of the rocks were completed by the Petrographic and Chemi-
cal, laboratories of the Twin Cities Metallurgy Research Center. Pre-
liminary average values for some of the properties on which measure-
ni,ats have been completed thus far are shown in table 1.
7
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TABLE 1. - Properties of simulated lunar rocks in earth environment
Bulk Apparent permeability Ha''=,dnessRock type density porosity (mllidarcys) (Shore
cc ercent units
Dunite .............. 3.19 1 «1 73
Gabbro .............. 3.11 <1 <1 84
Tholeiitic basalt... 2.84 2 «1 84
Grandiorite......... 2.58 1 <1 87
Serpentinite........ 2.56 3 «1 68
Obsidian............ 2.39 1 «1 103
Altered rhyolite.... 2.36 8 <1 59
Rhyolite............ 2.35 8 <10:1 79
Vesicular basalt #1. 2.25 20 Varies 81
Vesicular basalt #2. 2.22 24 Varies 67
Dacite .............. 1.98 17 4 35
Vesicular basalt #3. 1.52 46 Varies 80
Semiwelded	 tuff..... 1.15 50 58 10
Pumice .............. .76 62 1	 840	 1 5
Pulse Young's Compressive Tensile Strength
velocity modulus strength strength coefficient
m sec 106	 si (psi) (psi) ratio
7,500 18.7 27,000 20000 1.32Duni.te ..............
Gabbro............... 7,100 16.6 30,000 2,000 .96
Tho eii.tic basalt ... 6 2 000 10.3 53,000 3=400 1.91
Granodiorite........ 3,000 6.1 21,000 950 .51
Serpentinite........ 6 1 000 5.7 18,000 800 1.37
Obsidian............ 5 0 600 9.2 65,000 21200 .53
Altered rhyolite.... 3 1 300 2.6 160000 10100 .74
Rhyolite............ 4,200 2.4 220000 10200 .89
Vesicular basalt #1. 3 0 800 2.8 10,000 1,100 1.01
Vesicular basalt #2. 4,500 2.5 5,500 590 .75
Dacite .............. 4,500 2.0 69000 620 .42
Vesicular basalt #3. 4 0 800 2.7 50600 810 .77
Semiwelded tuff..... 2,500 .3 850 100 .10
Pumice .............. 2.500 .5 1	 1.50 240 A	 .08
Thermal Magnetic Dielectric Dissipation
expansion susceptibility constant factor
10' 8 	°F 10"6 cjzs units ratio ratio
6.2 400 5.0 0.008Dunite ..............
Gabbro.............. 3.9 60000 15.4 .081
Tholeiitic basalt... 4.5 2,000 11.1 .099
Granodiorite........ 5.6 Negligible 5.5 .004
Serpentinite........ 5.3 6,000 (1) (1)
Obsidian............ 4.1 100 6.3 .010
Altered rhyolite.... 4.7 Negligible 4.8 .017
Rhyolite............ 4,,5 400 5.1 .003
Vesicular basalt #1. 3.2 400 6.0 .012
Vesicular basalt #2. 3.6 500 6.7 .036
Dacite .............. 3.1 600 5.0 .008
Vesicular basalt #3. 3.8 200 4.2 .005
Semiwelded tuff...... 3.3 400 2.9 .015
Pumice . . ............. 4.5 Negligible 2.3 .008
1
1
Not yet measured.
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Status of Manuscripts
Dielectric Constants and Dissipation Factors Between 20 and 100 Mega-
hertz for 14 Simulated Lunar Rocks, by Russell E. Griffin, is being
prepared as a journal article.
Impact Pulse Propagation in Rocks, by Thomas E. Ricketts and Werner
Goldsmith, is being prepared for submission to the Journal of Geophys-
ical Research.
Small-Scale Cratering in Simulated Lunar Materials, an informal report
by Dennis V. D'Andrea and Richard L. Fischer, was submitted to the core
group in September.
Simulated Lunar Rocks, by D. E. Fogelson, was presented at the Sixth
Annual Meeting of the Wurking Group on Extraterrestrial Resources at
San Antonio, Tex. in February and submitted for publication in the
proceedings in March.
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Task title:
	 Chemical reactivity and cold welding of freshly formed
surfaces
Investigator: Clifford W. Schultz, Project Leader
Location:
	
Twin Cities Mining Research Center
Minneapolis, Minnesota
Date begun:
	
January 1966
	
To be completed: March 1969
Personnel:	 Clifford W. Schultz, Metallurgist
William H. Engelmann, Research Chemist
Ernest Bukofzer, Physical Science Technician
PROGRESS REPORT
Obiective
Measure the equilibrium constants for the adsorption of gases on the
surfaces of silicate minerals. Relate this quantity to the fractional
coverage necessary to inhibit cold welding and to determine the rate
at which various other processes inhibit or prohibit cold welding of
vacuum - formed surfaces.
Summary
The study of gas adsorption on newly formed quartzite surfaces (through
grinding in a protective atmosphere) moved to the point of calibration
of the various water vapor levels in argon as well as helium. Several
modifications enhancing sensitivity and facility of operation were added.
Progress During the Year
The technique of measurement of gas adsorption on freshly formed silica
surfaces has been tried with two types of detectors, each responsive to
composition changes of a gas mixture. in this case the mixture consisted
of inert argon or helium (ca•„rier gas) and a small quantity of water va-
por (adsorbable gas). Earlier experiments with a flow-through type of
gas cell with infrared transmitting windows was tried, using an infrared
spectrometer as detector. At the highest concentration of water vapor
planned (0°C dewpoint), 4.6 torr partial pressure, or about 0.6 percent
of total gas composition), the amount of vapor in a 10-cm path length
gas cell was insufficient to drive the output pen of the spectrometer
more than about 1 percent of full scale. A folded -path type of gas cell
of much longer effective length is commercially available but fairly ex-
pensive.
A switch was made, therefore, to a thermal conductivity cell, a commer-
cial component of low cost and sufficient sensitivity to gas composition
changes, but also sensitive to, minute flowrate changes. Infrared detec-
tion of water vapor is less flowrate sensitive since adsorption of the
infrared radiation by the water molecules is not a function of transla-
tion of the molecule, but rather of vibrational and rotational motions,
and is proportional to the total number of molecules within the path of
10
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the beam. The total number of molecules would be fairly constant over
a large flowrate range; therefore, the infrared spectrometric detection
would be the more stable under varying flowrate conditions. Future equip-
ment purchase should include a folded-path gas cell.
But the choice has been made to use the thermal conductivity cell, despite
the inherent sensitivity of flowrate. Use of a two-stage regulator from
the supply tank of the carrier gas, followed by another single stage reg-
ulator has helped to stabilize the flowrate.
The calibration of the cell was determined for both helium and argon,
each at several levels of water vapor. The electrical output of the cell
is presented as a function of the water vapor partial pressure in helium
in figure 1. Note the function is nonlinear, even though thp- partial
pressure is expressed logarithmically. This curvature is the expected be-
havior at the low partial pressures used. The output of the cell is in
tens of microvolts when the partial pressure is below 10-3 torn, This
very low level output required electrical shielding to eliminate noise of
comparable magnitude.
Early experiments were centered around the grinding of a 35/48 mesh frac-
tion of Wausau quartzite in a ball mill equipped with input and output
ports located in a stationary portion (slip seal used) of the cover. Some
of the results are outlined in the previous quarterly report. In this
last quarter, experimental work was recessed to build up a gas manifolding
system. This allows a choice of any one or a number of combinations of
eight levels of water vapor composition to be selected for passing through
the ball mill.
Status of Manuscripts
None in progress.
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Task title:	 Surface properties of rock in lunar environment
Investigator: Clifford W. Schultz, Project Leader
Location:	 Twin Cities Mining Research Center
Minneapolis, Minnesota
Date begun:	 January 1966	 To be completed: March 1969
Personnel:
	
Clifford W. Schultz, Metallurgist
Wallace W. Roepke, Principal Vacuum Specialist
Kenneth G. Pung, Physical Science Technician
PROGRESS REPORT
Ob_iec t ive
Develop data on the fundamental frictional characteristics of mineral
surfaces as related to their environments. Correlate the measurements
of friction, surface energy, and hardness. Further establish. the re-
lationship among these various surface properties and between surface
and bulk physical properties.
Summary
Initial outgassing studies were completed on most of the simulated lu-
nar rocks. The outgassing ,studies have shown that sample pretreatment
is critical and affects the relative difficulty of evacuating the cham-
ber with the various samples. Two long-term outgassing tests have also
been performed to study the feasibility of drilling larger samples equi-
librated to the lunar environment. The friction test equipment has been
assembled and initial ca Tlibration has been performed. Two invention re-
ports, two articles for publication, and one oral presentation for a sym-
posium have been prepared this past fiscal year.
Progress During the Year
The study of outgassing of simulated lunar rocks
has been completed this past fiscal year. These
a wide range of outgassing rates must be anticip
data on 1-inch samples of several cocks given in
k	 the total gas released from these same samples.
material to outgas while basalt and granodiorite
in an ultrahigh vacuum
tests have shown that
ated as is indicated by
table 1. Figure 1 shows
Dacite is the easiest
are the most difficult.
N
These outgassing studies have also shown that the way the samples are
preconditioned may be critical to the later test results. Great care
must be used to exclude as much atmospheric contamination as possible.
The work on outgassing was presented in October 1967 at the 14th Ameri-
can Vacuum Symposium and has been submitted for publication since then.
Two additional long-term outgassing studies have been performed. The
first of these studies was done to determine whether a 1-inch cube of
basalt could be brought to equilibrium at a pressure below the 10"' 9 torr
range. Six weeks of baking and pumping on the 1-inch cube of basalt did
13
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FIGURE 1. - Gas Evolved During Bakeout .
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bring it to equilibrium in the 10 -12 torr range. It therefore seems
feasible to conduct experiments on larger basalt samples in a simulated
lunar environment if sufficient pumpdown time is available.
TABLE 1. - Outgassing of simulated lunar rocks in ultrahigh vacuum
Net outgassing
Sample Pressure at rate at 14 hrs14 hrs (10-12	 torr
19-10	 tort liter/sec)
Empty chamber ... 1.5
Dacite
	 .......... 2.0 nil
Pumice	 .......... 2.5 2.0
Tuff	 ............ 4.5 8.0
Serpentinite	 ,,... 7.0 8.0
Basalt
	 .......... 25 100
Granodiorite	 .... 30 250
The second long-term study was done on a 4-inch cube of dacite in anti-
cipation of eventual drilling experiments in ultrahigh vacuum. The da-
cite outgassed readily as was expected and in 1 week the chamber was in
the mid-10'" 12 tore range.
Both of these tests indicate that testing simulated lunar materials at
a lunar equilibrium pressure is possible with solid test samples if suf-
ficient time is allowed. These tests have shown the feasibility of per-
forming a valid simulated lunar drilling test in ultrahigh vacuum. Coop-
erative effort between task personnel of this task and the lunar drilling
task has resulted in a preliminary design of the drilling test equipment
needed for such a test.
The friction test apparatus has undergone extensive bench top testing and
calibration this past year. The heart of the friction test equipment is
a double bridge strain gage cell. The cell is made up of two full Wheat-
stone bridges mounted on double beams at 90° to each other. The bottom
bridge gives a continuous measurement of load applied during the test
while the top bridge gives a continuous measurement of displacement force.
This will allow a two-channel tape input to be used directly with a com-
puter program for all calculations. Dead weight loads were used on both
top and bottom bridges simultaneously as well as individually to ascer-
tain whether any twisting or distortion woui%A' take place in the beams and
to check on linearity. Figure 2 shows the plotted results of simultaneous
loading on the two bridges. The slope of the curve shows some interfer-
ence due to twisting between the two bridges but it is an insignificant
0.12 percent.
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During the past year two invention reports have been submitted. One of
these has been refused a patent so it has been released to public domain
by publication as a journal article. The other invention report is still
being processed for a possible petent.
Status of Manuscripts
Mass Spectrometer Studies of Outgassing from Simulated Lunar Materials
in UHV, by W. W. Roepke and C. W. Schultz, was presented at the American
Vacuum Society Symposium in October and is being prepared for publication
in the Journal of the Society.
Inexpensive Oil Vapor Trap for Use with Rotary Vacuum Pumps, by W. W.
Roepke and K. G. Pung, was accepted for publication by Vacuum in May.
Anion Suppressor Grid for Mass Spectrometer, an invention report by
W. W. Roepke and K. G. Pung, was submitted to the Interior Department
Solicitor in October.
Vacuum Technology Course, an internal report by W. W. Roepke, is in prep-
aration.
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Task title:	 Rock failure processes and strength and elastic properties
in lunar environment
Investigator; Egons R. Podnieks, Project Leader
Location;
	
Twin Cities Mining Research Center
Minneapolis, Minnesota
Date begun;	 June 1966
	
To be completed; June 1969
Personnel-	 Egons R. Podnieks, Mechanical Research Engineer
Robert J. Willard, Geologist
Thomas R. Bur, Geophysicist
Richard E. Thill, Geophysicist
Peter G. Chamberlain, Geophysicist
Kenneth E. Helmstad, Geophysicist
PROGRESS REPORT
Ob iective
The objective of this task is to study tEe effect of ultrahigh vacuum on
rock deformation and failure processes at the macrostructural and the
microstructural levEl and to measure rock strength and elastic properties
in ultrahigh vacuum environment:.
Summary
The preliminary environmental test program was completed and a paper de-
scribing the results was presented at the Tenth Symposium on Rock Mechan-
ics in May. Results from the moderate vacuum environment included in ,
these tests indicate that ultrahigh vacuum will affect the strength and
stress-strain properties of rock. Preparations for experimental work in
the ultrahigh vacuum chamber were completed and testing was begun during
the last quarter. Several microstructural studies were made on simulated
lunar rock samples preparatory to studying the effect of ultrahigh vacuum
on the fracture process.
Progress During the Year
Two simulated Lunar rocks - Devil's Hill dacit:e and tholeiitic basalt -
were studied in terrestrial environments involving moisture conditions
from ultradry to water saturated and a temperature range from -150% to
100%. These studies also included tests performed in medium vacuum
(10-3 torr) to provide background information for ultrahigh vacuum tests.
The basalt exhibited pronounced outgassing during fracture in the me.dium
vacuum, thus indicating the importance of mass spectroscopy analysis dur-
ing the experimental studies of rock deformation and fracture in ultra-
high vacuum. Data have been obtained on compressive strength, Young's
modulus, stiffness modulus, and longitudinal pulse velocity. Mechanical
and acoustical measurements were made simultaneously to determine the
rock properties under uniaxial compressive load in various environments.
Results indicated that both temperature and humidity (moisture content)
have a strong influence on the strength and the stress-strain properties
N
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of the rocks. The vacuum environment appears to increase significantly
the strength of the rocks studied to date. However, young's modulus for
' the same rocks appears to be less vacuum sensitive and tends to decrease
in vacuum. A paper entitled "Environmental Effects on Rock Properties"
covering both mechanical and acoustical aspects of this program was pre-
sented at the Tenth Rock Mechanics Symposium at the University of Texas,
Austin, Texas in May.
As part of the environmental, test prograi%, disks of dacite were point-
loaded to failure, thin-sectioned, and examined with a petrographic
microscope. The dacite fabric appeared markedly anisotropic and frac-
ture planes tended to follow the weak or defective directions in the
rock. A defect frequency orientation study showed that fractures in-
duced in the point-loaded disks parallel (1) elongation of pores, (2)
elongation of microphenocrysts, or (3) flow structures and crystallites
in the glassy phase. It is possible that similar features could influ-
ence the behavior of actual lunar rocks in situ and should be taken into
consideration for lunar operations such as drilling.
In another study on the same dacite thin sections, we found that in the
dry state most of the fractures traverse the pores whereas in the wet
(partly or completely water saturated) state, most fractures traverse
the glassy matrix. This effect probably results from a weakening of
the glassy phase by moisture. The literature contains numerous evidences
of the same type of weakening effect observed in other glassy materials.
This effect could be significant in the lunar environment.
In still another microstructural study, diamond-sawed surfaces of the
dacite and the basalt were examined with a scanning electron microscope
to seek a possible explanation for their contrasting degassing behavior
in vacuum. A series of eight micrographs we;e obtained as a permanent
record of their surface microtopoc;raphy. Two of these are shown as fig-
ures 1 and 2. Research on degassing characteristics of simulated lunar
materials has shown that flood basalt appears to degas at a slower rate
and for a much longer time than does dacite. This observation suggests
that flood basalt has a greater volume of occluded gases and/or that it
releases whatever amount of gas it contains in a manner diff,$rent from
that of dacite. Yet, to the unaided eye, flood basalt is a dense, com-
pact rock apparently with few or no pores whereas dacite is less dense
and clearly porous. We might reason, a priori, that the basalt ought
to do very little degassing in comparison with the dacite. How then can
we account for the unexpected degassing characteristics of flood basalt?
The SEM micrographs offer a possible explanation for this apparent para-
dox. The surface of the flood basalt sample is typified by rough-walled
irregular microvoids of many sizes, intersected by numerous microcracks,
as seen in the upper right and lower center parts of figure 1. In con-
trast, as seen in figure 2, the surface of the dacite sample is typified
by myriads of intersecting smooth-walled micropores of all sizes, lacking
the abundance of intersecting microcracks. From this comparisons we can
speculate that (1) gas-bearing microvoids in flood basalt evacuate slowly
19
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with increasing vacuum by gradual outgassing along myriads of micro-,
cracks, and that (2) this condition does not exist in dacite to the
same degree, where smooth-walled, interconnected pores evacuate rel-
atively rapidly. These results and conclusions were presented to the
NASA review panel in May.
During the year the ultrahigh vacuum chamber was adapted for u!.e with
the hydraulic testing machine and for simultaneous determination of
mechanical and acoustical properties. The bellows assembly and platens
were constructed and installed, after extensive cleaning in the ultra-
high vacuum system, as part of the interfacing between the vacuum sys-
tem and the compression machine. Facilities were installed to provide
easy transport of the chamber in and out of the testing machine, Three
rocks having a wide range of properties were selected for testing under
simulated lunar vacuum. Dacite, tholeiitic basalt, and semiwelded tuff
were pulsed acoustically to determine symmetry and magnitude of velocity
anisotropy. Oriented cores of each rock were drilled out parallel to
those symmetry axes, and test specimens were prepared, inspected, and
preconditioned during the last quarter. Preliminary tests are now under-
way and the regular test program will begin the first quarter of the next
fiscal year.
Status of Manuscripts
Environmental Effects on Rock Properties, by E. R. Podnieks, P. G.
Chamberlain, and R. E. Thill, was presented at the Tenth Symposium on
Rock Mechanics at the University of Texas in May and submitted for pub-
,	 lication in the Proceedings in June.
Moisture Effects on Velocities Obtained by Pulse and Resonance Methods
in Rock, by T. R. Bur, R. E. Thill, and K. E. Hjelmstad, is under prep-
aration as a journal article.
N
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Task title:
	
Feasibility of thermal fragmentation studies in vacuum
Investigator: Kuppusamy Thirumalai, Project Leader
Location:
	
Twin Cities Mining Research Center
Minneapolis, Minnesota
Date begun:
	
October 1966
	
To be completed: September 1968
Personnel:
	
Robert L. Marovelli, Supervisory Mining Engineer
Joseph M. Pugliese, Geophysicist
Russell E. Griffin, Electronic Research Engineer
Kuppusamy Thirumalai, Mining Engineer
Sam G. Demou, Physicist
PROGRESS REPORT
Objective
The oijective of this task is to investigate the feasibility of extend-
ing current thermal fragmentation studies, including thermophysical
property measurements, to lunar vacuum environment.
Summary
The controlling factors involved in the investigations are: (1) lunar
environment, (2) type, form, and temperature of the heat source, and
(3) thermophysical properties of the rocks.
Depending on the thermophysical properties, the following points gov-
ern thermal fragmentation: (1) thermal conditions at which the in-
duced thermal stresses reach the potential to fragment and/or spall
the rock, (2) thermal conditions at which all stresses have been re-
lieved and no thermal stresses can be induced, and (3) the temperatures
at which rock can be melted and vaporized. The energy requirements in-
volved in thermal breaking increase considerably from fragmentation
and/or spalling to melting and vaporizing; therefore, fragmenting or
spalling by induced thermal stresses is the most advantageous on the
basis of energy considerations.
Progress During the Year
Only certain competent rocks will spall readily. Simulated lunar rock
types were subjected to heating with an oxygen-hydrogen torch and to a
plasma torch under earth environment to determine which of these rocks
can be broken by thermal spalling. For these types of heat application
the rocks grouped in three categories:
0
N
Spalled readily
with slight melting
Altered rhyolite
Obsidian
Gabbro
Granod for ite
k
Spalled and melted
Serpentine
Dunite
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Melted without
significant spalling
Flood basalt
Vesicular basalt
Pumice
Tuff
Rhyolite
Dac i to
,4{	
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Extension of the studies to hard lunar vacuum requires a heat source
other than the present types which are not compatible with our avail-
able vacuum facilities. A focused beam heat source such as a laser
or infrared spot heater can be directed on the sample through a win-
dow in the vacuum chamber. A laser source should become available
for use in the present task and some tests will be carried out.
Related theoretical and experimental work in the regular Bureau re-
search is being done on quartzite and basalt in an attempt to explain
the spalling mechanism. Temperature distribution measurements have
been mrie- under actual spalling conditions and the thermal gradients
involved studied. The controlling limits in spalling are as follows:
(1) the thermal conditions at which the induced thermal stresses can
spell the rock, and (2) the thermal conditions at which no induced
thermal stresses are formed. The latter limit is approximately the
softening point of the rock.
The softening points of five lunar rock types were determined in a
; vacuum of 107 4 to 10-6 Lorr and at one atmosphere pressure of nitro-
gen. These tests were carried out in our thermal shock furnace using
cylindrical specimens 1/2 inch in diameter by 5 inches long supported
at the ends on a zirconium oxide stand. A cathotometer was sighted
through the quartz window of the furnace to observe the temperature
at which the downward deflection of the sample becomes measurable.
r
The heating rate was 10°F/min.
One sample of each rock type for each test condition was measured.
The greatest difference occurs in granodiorite. More tests are plan-
;
	
	 ned to determine whether the difference is
	
due to variation of pres-
sure or to variation in rock specimens.
Softening point (°F)
	
Vacuum	 N. atm
Altered rhyolite
	 2,375	 2,425
Granodiorite
	 2,125
	
23,000
Rhyolite
	 2,125	 29100
Flow basalt
	 29050	 20050
Dacite	 11900	 13,850
Plans have been made to study the melting points of three simulated
lunar rock types in a vacuum environment. Samples will be heated to
the completely molten state, DTA's will be made of the rocks, and the
results will be correlated with outgassing curves.
Another phase of our regular Bureau work involves thermal fragmentation
by electrical means. Experience with a large number of different rocks
shows that certain rocks can be thermally fragmented by inducing ther-
mal stresses with high frequency heating. Successful fragmentation is
23
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related to the electrical properties of the rocks. Dielectric constant
and dissipation factor measurements on simulated lunar rocks have been
made:
Dielectric
constant
Rock type	 (ratio)
Gabbro	 15 .4
Tholeiitic basalt	 11.1
Vesicular basalt
	
6.7
Obsidian	 6.3
Altered rhyolite	 4.8
Dresser basalt	 11.0
Charcoal granite
	 6.2
Sioux quartzite	 5.2
Dielectric
factor
(ratio)
.081
.099
.036
.010
.017
.060
.OB
.006
A comparison with electrical properties of Dresser basalt and Charcoal
granite, which have been successfully fragmented in our regular Bureau
studies indicates that some lunar rock types have electrical proper-
ties that should make them amenable to our breakage process, especially
those with higher dielectric or dissipation values.
Due to a pending patent including application for foreign rights, this
fragmentation process cannot be described in detail now. It is possi-
ble, however ,  to investigate this fragmentation process in a vacuum en-
vironment after some modification of equipment.
Further work on this task is expected to yield information that will
enable recommendations to be made for selection of a suitable heat
source and experimental technique for studying thermal fragmentation
in a lunar vacuum environment.
Robert L. Marovelli, the original investigator for this and the follow-
ing task, has been promoted to the position of Research Manager for
Rock Disintegration Technology at the Center. Joseph M. Pugliese has
assumed supervision of the thermal. and electrical fragmentation research,
and Dr. Kuppusamy Thirumalai is now leading investigator for this task.
Mr. Marovelli will maintain a consultive role in the work.
Status of Manuscripts
None in progress.
24
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Task title:	 Thermophysical properties of rock at elevated and
reduced temperatures
Investigator: David P. Lindroth, Project Leader
Location:	 Twin Cities Mining Research Center
Minneapolis, Minnesota
Date begun:	 October 1966	 To be completed: September 1968
Personnel%	 Robert L. Marovelli, Supervisory Mining Engineer
Joseph M. Pug l ie se, Geophysicist
Russell E. Griffin, Electronic Research Engineer
David P. Lindroth, Physicist
Carl F. Wingquist, Physicist
Walter G. Krawza, Engineering Technician
PROGRESS REPORT
Oblective
The objective of this work is to extend current studies of the effect of
temperature on thermophysical properties of rock at atmospheric pressure
to cover- the lunar temperature range.
Summary
Several methods of breaking rock with thermal fragmentation are under
study at the Twin Cities Mining Research Center. The results of the
studies are intended to lead to fragmentation in situ and to secondary
breakage. Various thermophysical and electrical properties of rock are
needed for use in developing fracture theory to go along with empirical
studies. These include thermal expansion, thermal conductivity, specif -
ic heat, diffusivity, dielectric constant, dissipation factor, elastic
moduli, and strength variations with temperature. Additional techniques
for measuring emissivity and fracture energy are also being developed.
As one of the controlling factors involved in fragmentation under lunar
vacuum and temperature conditions, thermophysical property, data are
needed. This phase of the studies for NASA involves extending our capa-
bilities for property measurements to include low temperature where pos-
sible.
Progress During the Year
The measurement of linear expansion as a function of temperature of the
14 simulated lunar rocks has been completed. The temperature range of
the measurements is from -190° to 1,100°C. A minimum of three specimens
of each rock type have been measured and the data must now be averaged
and differentiated to produce the coefficient of expansion as a function
of temperature.
The data show that, for the majority of the rocks, the expansion in-
creases with increasing temperature in a uniform, though not linear man-
ner. The percent expansion is small for practically all of the rocks.
25
1
:^^ 4^	 A A	 ^f,
	 "
"
^
a^.^i?.	 3 ,	 ^	 ,
Several of the low density rocks start to contract at about 800°C. This
phenomenon appears to be caused by the collapse of vesicl, s. There also
appears to be a hysteresis effect, in that, once heated beyond approxi-
mately 200"C the rock does not return to its original. dimensions. It is
expected that a paper will be published in the form of a journal article
or Report of Investigations giving the results of the study on linear ex-
pansion.
The properties of transverse bending strength and point - load tensile
streng th have been determined for several rocks being studied in regu-
lar Bureau research. These properties were determined at atmospheric.
pressure and over the temperature range from -160 6 to 900°C. The low
temperature measurements were added to the tests in view of the objec-
tives of this task. These data show a significant variation in strength
as a function of temperature. Some comparative information was developed
on the simulated lunar rocks. For example, flow basalt shows approximate-
ly 30 percent increase in strength at the low end of the temperature range
as compared to room temperature. Increased strength at low temperatures
is most pronounced in the denser rock types. These data will be presented
in reports which are currently in preparation.
A relatively new and simple method for measuring thermal, diffusivity,
thermal conductivity, and specific heat is being investigated in connec-
tion with regular Bureau research. This method will also have direct ap-
plications to NASA studies. The method is known as the flash technique
and requires that a high-intensity short-dur ption heat pulse be absorbed,
in a small depth, in the front surface of a thermally insulated specimen.
The resulting temperature history of the rear surface is measured by ei-
ther a thermocouple or infrared radiometer. From the temperature-time
curve, and by knowing the energy density absorbed in the front face, it
is possible to obtain all three thermal parameters.
This is an. ideal method for obtaining these important thermal parameters
because of the nondestructive nature of the test and also, because all
three parameters are obtained from the same specimen., at the same time,
under, the same conditions. Thi,- method is also ideally suited to testing
in a vacuum environment because the vacuum eliminates the radial heat
losses due to convection. The method also permits measurement on very
small samples.
An initial .feasibility study peri,rmed at this Center using a 3-cm di-
ameter by 0.57-cm thick specimen of quartzite produced a value for the
thermal diffusivity which was within 4 percent of values obtained earli-
er by different methods. Because of the positive results of this ini-
tial study we intend to pursue this method further. Currently we are in
the process of purchasing a moderate output CO ,  laser which will be used
as the heat source. The vacuum capability currently exists with other
research groups at this Center and a cooperative effort will be worked
out. Once the necessary equipment is obtained, we plan to measure the
aforementioned thermal properties as a function of pressure (atmospher.ic
down to 10` 12
 tors) and temperature (-180 6
 to +250 6 C). The rock types
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to be measured will include the rocks used in our regular research, the
simulated lunar rocks, and some artificially frothed intrusive and ex-
trusive rocks.
With the rapid development of infrared technology and nondestructive
testing, it is expected that this method will lead to the development
of rapid in situ measurements of these three thermal properties. This
is a very desirable end in that the current methods for measuring the
specific heat and thermal conductivity are ;relatively tedious and re-
quire large amounts of equipment that are often not suited for in situ
measurements.
David P. Lindroth has taken over from Mr. Marovelli the role of leading
investigator for this task.
Status of Manuscripts
Flexural Strength of Rock from -300' to 1,600°F, by R. L. Marovelli
and A. D. Hendrickson, is under preparation as a ,journal article and
a Bureau Report of Investigations.
Thermal Expansion Measurements of Simulated Lunar Racks, by R. E.
Griffin and D. P. Lindroth, is under preparation as a journal article.
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Task title:
	
Basic problems of drilling in lunar environment
Investigator: James Paone, Project Leader
Location:	 Twin Cities Mining Research Center
Minneapolis, Minnesota
Date begun:
	
January 1967
	
To be completed: December 1969
Personnel:
	
James Paone, Supervisory Mining Engineer
Robert L. Schmidt, Mining Engineer
{	 Harold F. Unger, Mining Engineer
Carl, F. Anderson, Electronic Engineer
David A. Larson, Engineering Technician
PROGRESS REPORT
Objective
The objective of this project is to study problems of particle adhesion,
heat removal, and bit lubrication associated with drilling in a lunar
environment..
Summary
Work on this task began in the third quarter of fiscal year 1967; since
then the following program of laboratory drilling experiments has been
completed:
1. Investigation of the effects of conventional ( liquid and
gaseous) flushing media on drill performance and bit heat
generation as a contrast to dry drilling.
2. Acquisition of baseline laboratory drilling data from
drilling in atmosphere that can be used as a standard of
comparison for drilling tests conducted in a lunar envi-
ronment.
The objectives of this experimental program have been met and results
were presented to the Sixth Annual Meeting of the Working Group on Ex-
traterrestrial Resources in a paper entitled "Lunar Drilling" by James
Paone and Robert L. Schmidt.
Future research utilizing the previous data will be directed toward:
I. Studies and possible development of substitutes for conven-
tional bit cooling techniques.
2. Study of vacuum adhesion between drill cuttings and drill
rod by conducting drilling experiments in ultrahigh vacuum.
In a separate project funded by the Marshall Space Flight Center,
Huntsville, Ala., under NASA contract H-13242A, Twin Cities Mining
28
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Research Center has been studying problems of bit life and cuttings
removal as they relate to the moderate -depth lunar drills. These two
NASA studies are closely related and data from experiments conducted
under the Huntsville contract often have application to this task.
Progress During the Year
A series of bench-scale drilling experiments started during fiscal
year 1967 were completed early in fiscal year 1968. Figure 1 illus-
trates the type of data obtained. The highest penetration rate, and
therefore, the most favorable ratio of energy input per unit volume of
rock removed, was accomplished with water, flush followed by air flush
and no flushing medium.
The next step was to study the action of liquid and gaseous flashing
media at the diamond-rock interface, and a laboratory dianiond scratch
test machine was used for this phase of the examination. This machine
subjects a rock sample to abrasion from a diamond point. along a single
path for a predetermined number of cycles. ",rhts test was run dry, with
the diamond point and rock sample immersed in water, and with the
diamond-rock interface flushed with a stream of air. Figure 2 compares
scratch depths for water flush, air flush, and dry scratching with each
depth representing an average of 30 measurements. We see evidence in
the drilling and scratch test data that water somehow makes the rock
more vulnerable to penetration. The mechanics of this action are not
yet understood.
Laboratory experiments were also conducted using dry lubricants to de-
termine their applicability in dry diamond drilling as a substitute for
flushing media. Objectives of these experiments were longer bit life
by retarding the generation of frictional heat, and possibly more favor-
able energy consumption by concentrating the drill torque at the bit.
There is also the possibility that certain compounds would outgas during
vacuum drilling thereby caus",ng a downhole pressure which would assist
in removing cuttings.
The initial dry lubricant experiments were performed with powdered graph-
ite on a bench-mounted diamond drill with a 1/2-inch core bit. The pow-
dered lubricant was injected into the system through the water swivel
with compressed air; the air stream would cool the bit and flush the hole,
thus masking some of the results due to the use of dry lubricants. In the
basalts, graphite drilling yielded a faster penetration rate than both wa-
ter flush and air flush at the higher thrust levels. In all rocks, graph-
ite plus air gave higher rates than air alone.
The dry lubricant experiments were subsequently performed with a larger
laboratory diamond drill and with 1-inch surface-set diamond core bits
in Dresser basalt. The drill was instrumented to give constant readouts
of torque, thrust, and penetration rate. Experiments included flushing
with water, air only, air plus graphite, and air plus molybdenum disul-
fide. Most favorable results were obtained with water flush followed by
29
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FIGURE 1. - Effects of Flushing Methods on Penetration Rate in
Dresser Basalt with 1/2-inch Diamond Rotary Bit
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molybdenum disulfide. Tabulated below are average results from the in-
strumented drill:
Flushing	 Average	 Average
medium	 rate	 torque(ipm)	 (in.lb )
Water	 ..... 2.39 74.43
MoS2	....... 2.16 48.07
Graphite	 ... 2.05 68.79
Air	 ........ 2.08 72.93
As can be seen, the results with graphite in this second series of tests
were no better than using air alone. This does not confirm the results
from the bench drill tests, and this discrepancy cannot be explained at
this stage. The results from the larger laboratory drill, however, are
accepted as more valid because it was better instrumented and more care-
fully controlled..
One indication of comparative drill efficiency is the ratio of penetra-
tion rate to average torque, with a higher ratio indicative of more pen-
etration per unit of torque, hence a more efficient system. Figure 3
compares this ratio for the various flushing media, and it can be seen
that air plus molybdenum disulfide gave better results than water in this
respect. The work thus far with dry lubricants indicates they can have a
beneficial effect on drill performance if properly used, but the extent
that they can increase efficiency and Cie mechanics or chemistry of this
better performance is not understood. More research in this area is needed,
especially experiments where the lubricant can be introduced mechanically,
that is, without air as a carrier. Design of such an experiment is now un-
derway.
As the bench drill experiments were being performed, bit temperature meas-
urements were made at the end of each run for dry diamond rotary, diamond
rotary with air flush, and percussive systems. In all instances, bit tem-
perature appears to increase linearly and tL,.^n stabilize at a point that
is dependent upon the penetration rate. It is assumed that the linear in-
crease would continue indefinitely were these experiments performed in
vacuum, unless some cooling system were provided. It is expected that fu-
ture experiments with dry lubricants may show that these compounds retard
bit heat generation.
During fiscal year 1968, experimental work was also performed in support
of the Apollo Lunar Surface Drill development. r'igure 4 illustrates three
ALSD test hits with 3, 4, and 5,
 tungsten carbide inserts, respectively.
Comparative drilling tests were conducted in several simulated lunar rocks
to determine the optimum design.
In December 1967, drilling tests of the ALSD were made in a vacuum chamber
at the Marshall Space Flight Center, Huntsville, Ala. The tests were
32
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FIGURE 4. - ALSD Test Bits
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conducted by NASA and the drill manufacturer, the Martin Company. Bu-
reau personnel monitored these tests and collected drill cuttings for
size analysis and comparison with cuttings generated when drilling in
atmosphere. The atmospheric drilling tests will be performed at the
Twin Cities Mining Research Center.
All vacuum drilling tests conducted thus far have been in the pressure
range above 1U" to 10-7 torr. Many scientists feel that at these
pressures, the effects of particle adhesion in drilling are not signif-
icant, as such adhesion would only manifest itself in the ultrahigh vac-
uum range. Accordingly, preliminary plans have been made to drill in
ultrahigh vacuum at the Twin Cities Mining Research Center. It is hoped
that these tests can be conducted in the 10 -' 10 torr range or better and
that this can be accomplished during fiscal year 1969.
Status of Manuscripts
Lunar Drilling, by James Paone and R. L. Schmidt, was presented at the
Sixth Annual Meeting of the Working Group on Extraterrestrial Resou'r'ces
at San Antonio, Tex. in February and submitted for publication in the
proceedings in March.
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Task title:
Investigator:
Location:
Date begun:
Effect of lunar environment on behavior of fine particles
David E. Nicholson, Project Leader
Spokane Mining Research Laboratory
Spokane, Washington
April 1966	 To be completed: March 1969
Personnel: David E. Nicholson, Mining Engineer
Howard C. Pettibone, Civil Engineer
Dennis J. Kelsh, Physical Chemist
Robert W. Carnes, Engineering Technician
Fred W. Houghton, Engineering Technician
Richard P. Curtin, Engineering Aid
PROGRESS REPORT
Objective
The primary objective is to determine basic physical properties which
may influence the handling and transportation of fine particles in a
,lunar environment, as an extension of current studies of fine particle
behavior in mine backfill. applications. Intergranular static and dy-
namic coefficient of friction and energy loss will be measured. Flow
rates and shear strength at various states of particle packing and at
various particle sizes will be determined and correlated with, friction
and energy loss properties. This work will initially be performed un-
der conditions of normal earth atmosphere, but will be extended to in-
clude selected tests in ultrahigh vacuum. The work will be correlated
with the study of electrostatic properties of granular particles being
conducted at College Park and the study of frictional properties of min-
eral surfaces being conducted at Minneapolis.
Summary
Research on the influences of fine particles contained in hydraulic
backfills was expanded in April 1966 to include research for NASA on 	 N
determining frictional properties of fine particle materials in rela-
tion to their stowage and flow characteristics under simulated lunar
environmental conditions. Initially, it was planned to perform phys-
ical property tests in a vacuum chamber at the Spokane Mining Research
Laboratory. However, analysis of the problems of setting up an extensive
vacuum system to simulate lunar vacuum conditions indicated that this por-
tion of the work could be better performed at a laboratory having ultra-
high vacuum capabilities and personnel trained in vacuum work. Present
plans are to design experiments which can utilize the vacuum chamber at
the Twin Cities Mining Research Center, while correlation testing of sim-
ulated lunar materials in normal atmosphere and certain special evacuated
tests are being performed at the Spokane Mining Research Laboratory,
Research work carried forward during the year was as planned at the be-
ginning of the year, with major efforts directed toward finishing the in-
itial test program on simulated lunar material. A crushing and classifi-
cation circuit for producing fine granular materials was completed and is
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being utilized to provide fine particle samples for research tasks here
and elsewhere. Frictional property testing of simulated lunar basalt
powder in a one-dimensional compression chamber was completed and the
results indicate that this type of test can be used to give good coeffi-
cient of friction data. The one-dimensional test apparatus will be
scaled down for installation in a vacuum chamber to obtain frictional
properties under conditions of lunar vacuum.
A status report on the fine
ing the year to outline the
research plans for the proji
to be performed at the Twin
is being planned which will,
densities and flow rates in
a Gonzaga University vacuum
particle project was submitted to NASA dur-
present research work and future proposed
act. In addition to ultrahigh vacuum tests
Cities, an evacuated atmosphere test series
give information on the changes in packing
evacuated containers. This work will utilize
system.
Progress During the Year
The high quality cru6bing and classification circuit .installation at the
Auxiliary Laboratory kite was completed during the year, The circuit
has the capability of producing pilot plant quantities of fine particle
material in any size range from 60p down to 10µ. The circuit: has been.
used to prepare samples for the lunar materials handling study and other
studies both within the Bureau and at outside organizations conducting
related lunar surface research.
F
Background research on the "state-of-the-art" of materials handling sci-
ence and problems related to stowage of materials in bins and hoppers
was essentially completed during the year. Results will be incorporated
in a report on the lunar materials handling study to be prepared during
fiscal year 1969.
In order to simulate fine granular lunar materials, which will influence
the design of a lunar materials handling systems, samples of flow basalt
from Madras, Oreg. were prepared in the Vortec impact mill portion of the
crushing and classification circuit. Part.ic le fracturing is accomplished
in this mill by a single impact, shattering the basalt rock chips. This
powder, collected in a 12-inch diameter cyclone, has a grain size distri-
bution with 100 percent passing 20 mesh, 0 percent passing 2 microns and
a mean grain size of about 40 microns. We simulated the probable physi-
cal properties of actual lunar materials as to composition, grain shape,
and mean grain size.
A testing program was conducted to determine frictional properties,
stress-strain relations, and consolidation data on these samples, under
earth atmosphere conditions. The tests were performed in a one-
dimensional compression test chamber, as well as in a direct shear ap-
paratus, to develop frictional properties.
The "coefficient of friction" of granular materials is an almost impos-
sible value to measure directly. This is due in part to the roughness
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of each particle, the small radius of curvature of fine particles, and
the intluence of the packing arrangement of particles in granular aggre-
gations. Therefore, two other testing methods were used to determine re-
lated frictional properties at various states of particle packing or den-
sity.
1. Shear tests in triaxial or direct: shear apparatus were
used to determine the angle of internal friction of the
Mohr shear failure envelope.
2. A one-dimensional compression or "earth pressure at rest"
test chamber was utilized to develop the "coefficient of
earth pressure at nest" (KO). This coefficient is the ra-
tio of the minor principle stress to the major principle
applied stress.
3. Tn addition to using the compression test chamber to de-
!ermine this stress ratio, energy losses in fine granular
a	 materials are also being determined by repetitive load
cycles. By evaluating the hysteresis of the stress-strain
curves during the loading and unloading cycle, frictional
energy loss can be predicted.
The initial tests of the Madras basalt powders were run on oven-dried
samples, c.ompac.ted to three levels of density from the lowest state ob-
tainable with the material to the most dense state. Three replications
of these tests were made at each level of density. Additional spot
tests were carried out to compare the properties of the impact-formed
basalt samples against a basalt sample with similar grain distribution
but wet-attrition ground to give lees angular powders. Are impact-
milled quartz silica powder of similar grain size was also tested.
The impact-milled basalt consolidates quickly under low pressures (up
to 20 psi) after which the material is extremely rigid in comparison
to many granular materials. This loose sample was originally placed
at 90 lbs/cu ft representing the lowest density obtainable with th-.
sample. The material after being subjected to three cycles of load
to a maximum pressure of 140 psi shows considerable apparent cohesion.
The dry cohesionless material can be perfectly trenched after testing
or cut into a block and lifted from the test chamber. It is not known
at the present whether these "apparent cohesion" properties are caused
by the angular nature of t,-,e particle surfaces, the grain distribution
of the particle aggregation, a mimeal property such as attraction be-
tween particles, or some combination of these. However, visual Obser-
vation of the samples indicates a lesser or negligible amount of appar-
ent cohesion in the silica and ball-mill, ground basalt in comparison
with the impact-milled basalt.
While data from the toasts have not been completely analyzed yet, re-
sults indicate that the one-dimensional compression chamber can be
used to obtain coefficients of friction, stress ratio, energy losses
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under load and other physical constants needed in the lunar materials
handling study. This test method will also be easier to adapt to a vac-
uum system than other testing devices. A discussion of this test work
was included in an oral presentation for the NASA review meeting at the
Twin Cities Mining Research Center in May.
Status of Manuscripts
Fine Particles Study at the Spokane Mining Research Laboratory, an in-
formal progress report. by D. E. Nicholson and H. C. Pettibone, was sub-
mitted to NASA in January.
4
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Task tUle:
Investigator:
Location:
Date begun:
Support for underground lunar shelter
Robert C. Bates, Project Leader
Spokane Mining Research Laboratory
Spokane, Washington
April 1966	 To be completed: March 1969
Personnel:	 Robert C. Bates, Mining Engineer
Lester J. Crow, Mining Engineer
Colen S. Smith, Mining Engineer
Dennis J. Kelsh, Physical Chemist
PROGRESS REPORT
Ob iective
The objective is to advance ground support technology needed to carry
on extraterrestrial activities in support of future space missions, as
an extension of terrestrial ground support research. This is being ac-
complished by investigating ground support materials which have good
potential for utilization both on the Moon and on Earth. One of the
materials selected for , this investigation is sulfur. Sulfur materials
may provide an economical and effective solution to many terrestrial
construction and ground support problems. Sulfur has a high probabil-
ity of being indigenous to the lunar surface and thus sulfur materials
might serve in an equivalent capacity for lunar shelter construction.
The immediate objectives are to: (1) compile all available data on
the properties and potential uses of sulfur as a support medium; (2)
conduct laboratory studies to improve certain properties and to deter-
mine the feasibility of certain uses of sulfur materials; (3) formu-
late design concepts for support systems utilizing these materials;
and (4) develop techniques and equipment for fabrication or installa-
tion of these support systems in a simulated lunar environment.
Summary
Project work progressed very well and al,l items were completed as
planned at the beginning of the year. Laboratory studies under ter-
restrial environment to improve certain properties of sulfur will be
expanded in fiscal year 1969 to include other materials.
An excellent support material was developed using the type of mate-
rials possibly indigenous to the Moon. Compressive strengths of over
10,000 psi have been achieved by thermoplastic mixtures of sulfur and
combinations of coarse and fine crushed basalt. Compressive tests were
made within 1 to 6 days after pouring. Some preliminary experiments
were made with coatings to protect the sulfur cement from sublimating
under vacuum conditions. It is believed that the sulfur concrete can
be used in numerous ways in construction. Experiments on sulfur con-
crete were substantially brought to completion. Some work will be done
in the future to determine optimum strengths, and a report will be pre-
pared describing all of the work.
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Additional work planned for the coming year includes the following:
investigating sulfur grouts using medium grained and fine particles for
aggregate; investigating sodium silicate or any other material suitable
as a coating or bonding agent; and continuing the development of tech-
niques and equipment for fabrication or installation of these support
systems in a simulated lunar environment.
Progress During the Year
All available data on the physical properties of sulfur were compiled
during fiscal year 1968. Sulfur ' s stability as a foam, a high - strength
coating, and as a high - strength aggregate was evaluated. The use of
sulfur as an aggregate cement was selected for additional research in
view of its apparent potential for producing maximum benefits to proj-
ect goals.
Equipment was assembled and a laboratory set u p
 to prepare and test
sulfur aggregates. A series of experiments were made with thermoplastic
mixtures of sulfur and a high-strength flow - type basalt. Enough sulfur
was added to fill the voids in the aggregate and produce adequate work-
ability. The grain sizes of the aggregate were varied in order to de-
termine strength as a function of grain size and grain - size distribution.
Compressive strengths up to 10,280 psi were obtained.
Preliminary experiments were conducted using sulfur and fine particles
as a grouting material. It was found that a double -graded aggregate of
medium size grains and fine particles produced higher strengths. A few
tests were made on vesicular basalt and lightweight aggregate.. Vesicu-
lar, basalt absorbs alot of extra sulfur to fill the voids in the rock,
F and the strength of the a
€-regale is lower than a dense basalt. Light-
weight; aggregate soaks up an excess of sulfur while mixing and continues
to do so after the material is poured and as long as the material stays
hot. The bond on this material is not good and the strength of the ag-
gregate is poor.
Some theorizing was done on the obstacles which might be imposed if sul-
fur materials were utilized in an extraterrestrial application. A report
was written on sublimation of sulfur in a vacuum.
Status o^ Manuscripts
Support for Underground Lunar Shelter Using Sulfur, an internal back-
ground report by Lester J. Crow, was completed in October.
Sulfur as Lunar Shelter Support Material, an internal report by Dennis
J. Kesh, was completed in January.
Preparation and Compressive Testing of Sulfur Aggregate Cylinders, an
internal report by Lester J. Crow, was completed in March.
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Task title:	 Use of explosives on the Moon
Investigator: Frank C. Gibson, Project Coordinator, Explosives Physics
tocation,	 Explosives Research Center
Pittsburgh, Pennsylvania
Date begun;
	
July 1966	 To be completed: June 1969
Personnel;	 Frank C. Gibson, Supervisory Research Physicist
Richard W. Watson, Research Physicist
J. Edmund Hay, Research Physicist
Charles R. Summers, Research Physicist
John J. Mahoney, Laboratory Electrician
Elva M. Guastini; Explosives Equipment Operator
PROGRESS REPORT
Obi ectiye
The task objective is the acgLisition of basic knowledge leading to the
solution of potential problems involved in the use of chemical high ex-
plosives in the lunar env ronment.. specifically 	 (l) the st.abiliFy of
explosives and explosive devices in the lunar environment; (2) t^.e prob-
lem of exposure of explosives and explosive devices to (micro)meteoroid
impact; and (3) the propagation characteristics of the blest wave (prod-
ucts cloud) in the lunar atmosphere.
Summary
During the course of the investigation, the effect of vacuum and tem-
perature on the sensitivity of explosives to shock stimuli has been
examined. Explosives employed were military types that are known to
exhibit good stability and have long shelf life under ambient conditions.
As the program progressed, vacuum capabilities have improved. Prior to
commencing an evaluation of temperature on sensitivity a vacuum of 10-4
to 10 5 torr was attained.
Based on assessment of sensitivity by a modified gap test, no change in
the ease of initiation was indicated in high-density pressed Composition
A-5 at the vacuum attainable and that at ambient. At; a somewhat greater
pr,essu're, PW 10' 2 mm, no change in sensitivity was observed for the same
material at a density of about unity.
A small but apparently significant change in sensitivity was found for
both the low- and high-density explosive at liquid nitrogen temperatures.
At ambient and elevated temperatures, 25" and 116°C, respectively, no
significant change was observed. No clear relationship between velocity
of detonation and temperature was evident; values bracketed the antici-
pated steady-state velocities for the material at the &-asities employed.
The effect of projectile impact on the initiation of Composition A-5 was
evaluated by determining the velocities of a range of sizes of spherical
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steel balls that would provide a 50 percent probability of initiation.
To eliminate the ambiguities in interpretation of results, only reac-
tions that were full-fledged detonations were characterized as positive
reactions; all else were considered failures. Based on this arrangement
a scaling relationship of
m0.277v2 = 1.515
was fo^jgd appropriate for sphere sizes ranging from 1/2-inch down to
1/8-tn(h in diameter. Higher velocities than those predicted by the
above scaling law should be required as the projectile size diminishes;
tentative results so indicate, fortunately, since the above scaling law,
extrapolated to meteoric velocities, leads to a high probability of in-
ttiation.
Progress During the Fourth Quarter
During the previous quarter, the sensitivity of pressed granular explo-
sive charges (Composition A-5, density 'l.72 g /cma ) to initiation by pro-
jectile impact was determined for steel spheres having diameters from
0.5 to 0.125 inch, the objective being the development of a scaling law
relating the mass and velocity of a particle for a 50 percent probability
of initiating the explosive. Such a law, if it can be extrapolated with
confidence to meteoric velocities, is necesGary to estimate the hazard
due to accidental initiation of an explosive by meteoric impact. During
the present quarter, the earlier data have been shown to fit a Slade-
Dewey scaling laws remarkably well and new data have been obtained for
0.063-inch projectiles which, however, deviate significantly from the
line which fits the data for the larger projectiles. Also, data have
been obtained which show that at least at these higher velocities the
projectile shape is not significant.
The complete set of data are shown in figure 1. The Slade -Dewey scaling
law is expressed mathematically by
V50 = a + b . d-0.5
3	 where VS0 is the velocity for 50 percent probability of initiation of
detonation, d is the diameter (in cm) of the projectile, and a and b
are constants, having in this case values of 0.2 km/sec. and 0.81, re-
spectively. It can be see.i that the data for the 0.063-inch projectiles
do not fit the line which fits the other data, the velocity being about
0.330 km/sec higher than anticipated. The exact physicai reason for
this is unknown but may be associated with the projectile diameter be-
coming less than the critical diameter of the explosive or the mass flow
velocity becoming greater than the sonic velocity in the explosive. Es-
timates of the meteoric impact hazard cannot be made untii a scaling law
applicable to higher velocity projectiles is established.
Y
Slade, D. C. and J. Dewey. High Order Initiation of Two Military Ex ­
plosives by Projectile Impact. Ballistic Research Laboratories, Aber-
deen Proving Ground, Md., Report No. 1021, July 1957, 50 pp.
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FIGURE 1. - Data Obtained with Spherical Steel Projectiles
Fit to Slade - Dewey Relationship.
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The difference in 50 percent velocities for 0.063-inch diameter spheri-
cal and cylindrical projectiles (2.56 and 2.64 km/sec, respectively)
having the same mass (the length of the cylinder being 2/3 the diameter)
tF ^;..)robably not statistically significant.
A projectile launcher is being designed for use with the 0.032-inch and
smaller steel spheres and cylinders. Some trials with a pentolite ex-
plosive charge having an aluminum end cap have yielded velocities as high
as 3.8 km/sec with reasonable aiming characteristics.
Additional future work will be devoted to the development of apparatus
for determinii.g the properties of the detonation products cloud expanding
into a vacuum.
Status of Manuscripts
None in progress.
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MOVA
Volcanism and ore genesis as related to lunar mining
Rolland L. Blake, Project Coordinator
Twin Cities Metall ,irgy Research Center
Minneapolis, Minnesota
June 1966	 To be completed: May 1967
Rolland L. Blake, Geologist
Others as assigned
I
Task title:
Investigator:
Location:
I	 Date begun:
Personnel:
PROGRESS REPORT
objective
Study the genesis of ore deposits and the occurrence of minerals associ-
ated with volcanic activity here on Earth. Study the effects of the lu-
nar environment and other environments on mineralization and ore genesis.
Bring together the pertinent information found in the literature on these
subjects and define those specific areas where additional work, is needed.
Summary
Work on this task ended in fiscal year 1967, except for the completion
of a summary report and recommendations for further studies which are
still in progress.
Status of Manuscrivts
Ore Deposits in Volcanic Rocks with Lunar Extrapolation, by R. L. Blake,
was presented at the Sixth Annual Meeting of the Working Group on Extra-
terrestrial Resources at San Antonio, Tex. in February and was submitted
for publication in the Proceedings in May.
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Task title:	 Reduction of silicates with carbon
Investigator: Sanaa E. Khalafalla, Project Coordinator
Location:
	
Twin Cities Metallurgy Research Center
Minneapolis, Minnesota
Date begun:
	
June 1966	 To be completed: May 1969
Personnel:
	
Sanaa E. Khalafalla, Supervisory Research Chemist
Larry A. Haas, Research Chemist
Howard W. Kilau, Chemist
Thomas H McCormick, Physical Science Aid
PROGRESS REPORT
Objective
The objective is to determine the optimum reaction rate criteria for
extraction of oxygen. fro • n simulated lunar materials in a vacuum. The
major emphasis of this research is to determine the kinetics and mech-
anism of the carbother.mal reduction of siliceous materials in a high
temperature vacuum furnace.
Summary
The extraction of oxygen from possible lunar raw materials is of prime
concern to the Nation's space program for generating rocket fuel and
establishing life survival stations on extraterrestrial bodies. The
reduction of silica by carbon is also an important metallurgical proc-
ess. In addition to maintaining a low silicon content in pig iron,
this reaction is also involved in promoting the removal of sulfur by
maintaining a high enough silicon content in the metal to prevent fur-
ther reduction of SiO2.
The kinetics and mechanism of oxide reduction by solid reductan*_s have
received little attention compared to gaseous reductants because of the
greater, difficulties encountered in solid/solid interactions. Analyses
of h6t-erogeneous solid reactions are further complicated when gaseous
products are formed which could react with the reactants. In this in-
vestigat4.on, the possibility of gaseous side reactions was reduced by
studying the reaction in vacuum.
The direct reduction of silica is in itself a complex process in view
of the thermal stability of silica and the multiplicity of possible
products. The stability of silica necessitates the use of extremely
high temperatures at normal atmospheric pressures; however, in vacu»;i
the reaction can be made to proceed at a more Moderate temperature.
The purpose of this study is to define the c-ritical physical and chem-
ical reaction variables of the reaction. 'Ihi.s should assist in pre-
dicting C a optimum environmental cond.t`:
	
.^, >eVired to design an ef-
ficient process whereby an oxygen
-cony ^1',r, ,^^	 ^scous ,species can be
extracted from siliceous materials.
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The dependence of the reaction rate on the physical properties of sil-
ica and graphite have been determined. With finely divided reactants,
the :furnace evacuation rate had to be reduced to less than 1 cubic foot
per hour to prevent the powdered sample from being blown out of the cru-
cible. The reaction rate increased with increasing reactant subdivision
up to about 0.1 mm. With particles smaller than 0.1 mm, the rate de-
creased due to the low gas permeability of the sample bed. The reaction
was more dependent on the number of interparticle contacts than with the
inteaparticle surface area of the reactants. From this it was concluded
that reactions leading to gaseous intermediates cannot be rate controlling,
but that the whole reaction is of the solid/solid type. The ratio of the
number of silica to graphite particles was also found to have a marked ef-
fect on the degree of reaction. The maximum reactivity occurred at a sil-
ica to graphite molar ratio of 2 or a particle ratio of about 10.
The reduction reaction with carbonized dextrose was about 10 times that
obtained with graphite.. The former reductant also served as binder for
silica pellets. A study of the effect of the silica chemical properties
on the reduction rate has been initiated. With aluminum silicates, no
correlation of the reaction rate with the silicate structure was found.
A fair correlation was obtained between the degree of reduction and the
fraction of silicon dioxide in the Al-SI-0 system, provided the mineral
remained in the solid state at 1,400%. The amount of reduction within
3 hours was found to increase with the concentration of Si02. The re-
sults are consistent with thermodynamic considerations of the Si-0 and
Al-0 bonds, the heat of formation of alumina being the greater.
Progress During the Fourth Q^
The principle goal for the fourth quarter was t
ence of degree of mineral. silicate reduction on
chemical structure and to install and calibrate
vacuum furnace required for the conduct of true
.iar ter
determine the depend-
their const;tution and
the thermogravimetric
kinetic experiments.
Weight-loss methods were used in the previous quarter to express the 	
«k
extent of carbothermal reduction of silicates. For the few aluminum
silicates investigated, it was noticed that the degree of reduction ex-
hibited a systematic increase with increasing silica content in the sil-
icate. Since alkali., oxides are easily volatilized )
 from the sintered
silicates or their melts, the degree of reaction was recalculated during
this quarter. Material balances of heated graphite-silicate mixtures re-
vealed that most of the sodium and potassium is indeed removed before the
reaction temperature was reached. The degree of reduction was therefore
calculated on the basis of the amount of carbon oxidized or the number of
moles of carbon monoxide formed in a given time period; carbon dioxide
cannot be formed at the high temperatures used, especially in presence of
graphite.
Eitel, W. The Physical Chemistry of the Silicates. Univ. of Chicago
Press, 1954, p. 708.
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The c.arbothermal reducibility of various forms of zeolites, mullite,
kaolin, orthoclase, oligoclase, labradorite, and obsidian, in addition
to two alumina and four silica products were investigated. When the
5-hour millimoles of oxygen gasified as carbon monoxide were plotted
against the percentage of silJ,ca in the silicate, curves a and b of
figure 1 were obtained. It was noticed that silicates which retain
their solid state of aggregation at the reaction temperature of
1,400°C gave results which congregate around straight line a. It
sILould be recalled that these minerals were all complex aluminum sil-
icates, ranging in composition from pure alumina to pure silica. On
the other hand, the results obtained with minerals which contained
alkali metals in addition to aluminum, congregate around line b and
were characterized by being in the liquid state at the reaction tem-
perature. of 1,400%. The results obtained in this work are given in
table 1 with the chemical analysis of the mineral presented in column
2^ It is corcluded that the carbother.mal -reducibility of silicates
i,ncre.asNs 11 early with the amount of silica in the complex alumino
silicate., providing the mineral remains in the solid state at the re-
action temperature. The total carbothermal reducibility of aluminum
silicates appears to obey this additivity rule according to which the
total reducibility of a given silicate can be calculated by adding the
reducibility of the individual oxides, each multiplied into the re-
spective oxide weight fraction in the mineral. Alumina, as expected,
does not reduce as readily as pure silica. This is theoretically ex-
pected from the free energy changes of the two reduction processes.
Thermodynamic data reported by Blocker2
 show that the equilibrium
carbon monoxide pressure at 1,400°C for silica reduction is 0.1 atmos-
phere while that for alumina reduction is only 10-4 atmosphere.
The results also indicate that liquid silicates reduce less readily
than the solid silicates, and that their extremely small reducibility
is practically independent of their silica content, as shown by curve
b of figure 1. The observable fact that liquid silicates are reduced
by carbon with greater difficulty than the corresponding solid silicate,
which, is devoid of alkali oxide, even though the temperature is the
same, suggests that carbothe.rmal reducibility cannot be controlled by
diffusion of the reacting atomic species to the reaction interface.
This is because atomic (or ionic) diffusion in liquids is about five
orders of magnitude higher than diffusion in solids. The exact cause
;for the diminished reducibility of liquid silicates is not known yet.
Several reasons can be put forward but each reason, if it is the cor-
rect one, will exert a certain ramification on the mec.hanisxi of carbo-
thermal silicate reduction. It is, therefore, desirable to list these
reasons and attempt to substantiate some of them in exclusion to others
by future experimental work.
}	 col ker, J. M. Jr.,' 	 editor. Vacuum Metallurgy. Electrochem. Soc.,
1955, p. 22.
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TABLE 1. - Carbothermic reduction data of silicate minerals
Oxygen
Physical	 extracted
Minerals analysis, ercent 	 state at	 as CO,
Mineral	 Sios I Ala03	 M 0 I N 0 1 %0	 1.400-C	 millimoles
Si-O SVCtPm
Fisher	 si,l.icaA ... 99.1 <0.1 - - - Solid 77
Silica	 gel....... 98.7 <.1 - - - ..do. 86
Wausau silica.... 97.0 1.4 - - - ..do. 102
Do ............. 97.0 1.4 - - - ..do. 117
Si-A1-0 Svstem
Meta Kaolin...... 53.8 38.8 0.3 0.6 2.5 Solid 69
Mullite.......... 22.2 76.2 <.1 - <0.1 ..do. 64
Alumina
No.	 11391 ...... <0.1 98.3 <^l - - ,.do. 46
Alumina
No.	 381	....... 1 96.3 <.1 .4 1	 <.1 ..do. 41
Si_e1_N:,_u_0 Cucham
Obsidian......... 82.7 9.3 0.5 5.4 4.3 Liquid 8
Orthoclase....... 61.8 17.4 .2 0.2 11.3 ..do.. 4
Oligoclase....... 63.2 21.8 .1 7.0 0.8 ..do.. 5
Zeolite-5A3 ...... 43.4 39.1 <.l 4.1 .4 Solid 75
Zeolite-4e ...... 1	 44 .1 1	 44.4 .1 14.7 <.I Liquid 19
'Trade identification numbers for alumina refractories by Norton Co.,
Worcester, Mass.
a Trade identification numbers for zeo lit is molecular s i9ves by Union
Carbide, New York, N. Y.
a) The decrease in reducibility may be attributed to a decrease in the in-
terfacial contact area between the molten silicate and graphite. Graphite
is lighter and therefore floats on top of the silicate melt. If this is
the only reason, then the chemical act at the interparticle solid/solid
interface is the controlling factor.
b) The decrease may be explained by the insufficiency of nucleation sites
for carbon monoxide bubbles to form in the melt. As mentioned in earlier
work., with very finely powdered reactants the gaseous products must be re-
moved to permit the reaction to continue. Gas removal becomes difficult
with liquid melts which possess high surface tensions. Kucera e s equation
relates the internal bubble pressure, P, with the surface tension, y, and
the bubble radius, r, by: P = 2y/r. It is due to this internal pressure
that bubbles do not form readily within the body of a liquid, even when it
is considerably supersaturated with a gas. Taking the surface tension of
basic glass  as 300 dynes,/cm, it follows, for example, that a bubble 1
millimeter in diameter is under a pressure of 0,012 atmosphere in addition
to any other pressure to which the system is subjected. Likewise, an early
nucleating bubble with a diameter of 12.5 microns would be subjected to an
Page 1303 cited in footnote 1.
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extra pressure of 1 atmosphere. The sensitivity of the carbothermic
reduction of silica to pressure is well known from thermodynamic con-
siderations. The reaction requires a temperature of at least 1,600°C
to pruceed at a carbon monoxide pressure of 1 atmosphere, while at 10-4
atmosphere, the threshold temperature is about 1,000°C. At the same
temperature, the extent of reaction will be lower the higher the pres-
sure. Nucleation of gas bubbles is often encountered in metallurgical
practice. In the basic oxygen furnace, carbon monoxide bubbles are not
readily started. The initial bubble formation occurs only on relatively
rough surfaces. On the same principle, PhilbrooO explained why silica
dipped into an iron melt does not start gas Evolution, but. an  iron rod
does., Similarly, the spontaneous gas liberation in a basic oxygen fur-
nace occurs ,just as the metal starts to freeze, indicating that a lot of
gas is dissolved in the melt and that considerable supersaturation ob-
tains on cooling.
Experimental support for. this reasoning may be cited from the consider-
able amount of foaming that was visible in some of the reduced silicate.
samples which underwent melting during the reaction, suggesting GL►V the
rate of carbon monoxide removal might have been too slow and that some
of it was entrapped in the solidified mass. Metallurgical expertise
provides means for nucleating bubbles in liquid melts in which high de-
grees of supersaturation are required even to stabilize them. One way
of doing this is by means of vortines resulting from agitation, vortex
motion gives rise to very high negative pressures at the center of the
vortex, thus enabling a bubble to start.
c) A third explanation of the decreased reducibility of molten sili-
cates could arise from the fact that the silica activity in the liquid
silicate is sinall. The activity or effective concentration is unity
only fo;r solid materials. Phi.lbrook explained the small, amount of sil-
ica reduction in molten slags by the very small. activity of SiOa. This
could result when the silica content becomes combined through molecular
association or when it becomes highly ionized. Baird' showed that at
1,450'C a slag containing 66 percent silica had a silica activity of
0.94. He also reported that the activity decreases more with alumina
additions than with lime. It is clear that the big divergence in re-
ducibility of solid and liquid silicates cannot be fully explained by
the activity factor alone. Nevertheless, any correct quantitative
evaluation of the reducibility should take into account:, the somewhat
smaller activity of the constituent oxides in the melt..
d) Surface energy factors arising from the wettability and contact an-
gle between the reactants could play an important role in liquid/solid
Philbrook, W. 0, and M. B. Bever, editors. Basic Open Hearth Steel-
making, 2nd ed., AIME, N. Y., 1951, pp. 744-882.
5 Baird, J. D, and J. Taylor. ;.eaction Between Silica and Carbon and
the Activity of Silica on Slag Solution. Trans. Faraday Soc., v. 54,
April 1958, pp. 526-539.
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reactions. In general, oxides do not wet graphite. Towers' showed that
the contact angle between slags and graphite could be as high as 160°,
and indeed this is regarded as one of the advantages of carbon bricks in
the blast furnace. He reported that the initially high contact angle de-
creased with time at constant temperature due to reactions taking place
between slag and graphite. Instantaneous kinetic curves, which will be
determined by the newly acquired equipment, would be invaluable in study-
ing this aspect of liquid silicate reduction and their dependence on the
decrease of contact angle between graphite and the melt as the reaction
progresses,
e) Finally, the viscosity and density of the silicate melt should play
an important role in determining the gas evolution rate, Siliceous slags
have high viscosities because the chain, ring, or sheet structure still
exists in the liquid state. Basic oxides as FeO, MgO, MnO, Ti 2 0, CaO,
and Na2 O have been known to break up these large complex silicate ions
to simple orthrosilicates. 7 This increases the fluidity of the melt and
therefore the overall reduction rage should increase. This is in agree-
ment with the results in table 1 where the reducibility of ol.igoclase is
found to be nearly one-fourth of that of zeolite 4A, even though the sil-
ica content, of the former is about 50 percent larger. Undoubtedly, the
increased reducibility is brought about by increased melt fluidity aris-
ig from the larger sodium content of zeolite 4A, which is nearly twice
ar^ much as that of the oligoclase. Further research is needed to sub-
stantiate these preliminary findings and to thoroughly evaluate the ef-
fect of other oxides in SiO2.
Submitted with this report is a photograph, figure 2, of the newly ac-
quired vacuum furnace which is being checked out and calibrated. The
quartz spring windlass assembly has been installed and leak tested. A
vacuum of 10-7 torr and 1,800°C can be readily obtained. Weight loss
versus time curves will soon be obtained with separate and mixed sam-
ples containing silica and graphite. This furnace is equipped with a
mass spectrometer head to determine the mass numbers of the gaseous re-
action pro&,,icts.
Status of Manuscripts
The Effect of Physical Parameters on the Reaction of Graphite with Sil-
ica in Vacuum, by L. A. Haas and S. E. Khalafalla, is under preparation
as a Bureau Report of Investigations.
6 Towers, H. Contact Measurements of Slags on Solid Surfaces. Brit.
Ceram. Soc. Trans., v. 53, March 1914, pp. 180-196.
7 Schuhmann, R. Metallurgical Engineering, v. 1, Engineering Princi-
ples. Addison-Wesley Pub. Co., Inc., Reading, Mass., 1952, p, 313.
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FIGURE 2. - High Vacuum or Controlled Pressure Thermogravimetric
Furnace and Chamber.
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Task	 title; Magnetic and
vacuum
electrostatic properties of minerals
	
in a
Investigator: Foster Fraas, Project Leader
Location: College Park Metallurgy Research Center
College Park, Maryland
Dare begun, dune 066 To be completed:	 May 1969
Personnel; Ronald A. Munson, Research Chemist
F-sr,r Fraas, Metallurgist
PROGRESS REPORT
b cc i0 ,^ c v e
The objective is to study adsorpt,4on and contact electrification in a
vacuum and determine their effect on the separability of nonconducting
minerals.
S- juanary
Consideration of the application of t , 1e( Lrostatic and magnetic separa-
tion in a Nnar environme,:t lndi.cates than the most urgent problems are
the electrostatic separation of nonconductors and the magnetic separa-
tion of dry fine powders under a high vacuum. This task involves l.he
measurement of adsorption and contact electrification versus degree of
vacuum and temperature, and the design of high intensity dry type mag-
netic separators. 'Included are correlation with the separation of min-
eral, combinations in vacuum, and the measurement of adhesion and other
factors which may influence the dispersion and controlled movement of
particles.
Research during the year on the magnetic and electrostatic properties
of minerals in a vacuum resulted in an optimistic conclusion as to the
adaptability of terrestrial mineral concentration techniques to lunar
conditions. UndEr an ultrahigh %7acuum of 7 x W
- ' tors and in the size
range required for the electrostatic and magnetic methods of concentrat-
ing ores, there was no adhesion of mineral particles on vibrating con-
veyors and transport surfaces, or with other mineral particles. The
lack of adhesion is attributed to the limitation of the amount of ac-
tual electrification contact area by the roughness of the particle sur-
face, a characteristic derived from normal crushing and grinding,, Al-
though not sufficient to produce adhesion, there is an increase in con-
tact electrification charge which would be beneficial to the electro-
static method of concentration. Minerals tested were those postulated
as existing on the lunar surface and included olivine., microcline, quartz,
and hornblendE«
Progress During,. the Fourth Quarter
After considerable delay in the construction of accessory equipment,
measurements on flow rate and contact electrification were initiated.
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Particle flow over the vibrating feeder, and fall to the collecting bin
}	 could be observed through a viewing port in the stainless steel bell jar.
Contact electrification charge was determined by measuring the potential
of the collecting bin with an P' ,ctrontc electrometer, while temperature
was measured with a thermocoup., embedded in the sample as it was held
in the feed hopper. The results are summarized in table 1,
Bake-out was primarily for removal of residual gases from the equipment
rat h.cr than the sample. This is illustrated in the gro' ial increase in
the second pass vacuum from 8.0 x 10" 8 Corr for the first test to 68 x
1.0-8 tore for the last test. The need for equipment bake-out is attrib-
uted to the unpolished walls of the stainless steel: bell jar, the lap
and bolted joi-:its, and the aluminum used in the vibr„ting feeder. The
procedure which was followed was to first bake out the system for an t8-
hour period, cool to atmospheric temperature, and then to add the sample
After pumping of room temperature for 2-1/2 hours the first pass of the
sample o\ er t cif: vihrac ing feeder was condor, ted ., The second pass over the
vibrating feeder was also conducted at room temperature, but with the
sample in a:a int vening 18-hour bake-out period. The average charge on
the particle was calculated on the basis of a measured electric capact-
tance of 83 x 19-12 farad for the bin, feed-through and electrometer.
The final weight of sample in the bin after return to atmosphere was less
than the initial weight. Loss of sample is due to the higher bounce of
the particles in vacuum, there being under these conditions no restraint
to particle movement such. as results from the viscosity of ambient air.
Correction for loss of weight as given in the last column of table 1
showed that the electrification potentials are reversible for olivine and
hornblende. it is concluded that for these minerals there is no change
in the lattice imperfections at the surface and that the reversible changes
which do occur are the result of changes in adsorption layers. The irre-
versible contact electrification potential, of quartz is attributed to a
change in the lattice imperfections at the surface.
No adhesion was observed in the size range of minus 35 plus 65 mesh. Par-
ticles produced by crushing and grinding have a rough surface and the only
area for contact electrification are the tips of the surface. pro,;Qctions,
This limitation reduces the total, particle charge to a value below that
required for adhesion. There is, however, an increase in contact electri-
fication charge which would be beneficial to the electrostatic method of
concentration.
The presence of interfering hydrocarbons is discounted on the basis that
these vapors are removed by the turbomolecular vacuum pump, Hydrocarbon
vapors are only introduced when the nitrogen or air backfill for the bell
jar is passed through the pump. In these tests backfill passed through
the bell jar base plate.
Mr. Heindl transferred to the Bureau's Washington Headquarters in May and
Mr. Munson has taken over the supervision of this work.
Status of Manuscripts
None in progress.
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Task title:	 Biological production of sulfuric acid
Investigator: Joseph A. Sutton, Project Leader
Location:	 College Park Metallurgy-Research Center
College Park, Maryland
Date, begun:	 June 1966
	 To be completed: May 1967
Personnel:	 Ronald A. Munson, Research Chemist
Joseph A. Sutton, Research Chemist
John D. Corrick, Research Chemist
Jerry M. Carosella, Microbiologist
PROGRESS REPORT
Oblective
Establish the limiting environmental conditions for the survival of
bacteria of the genus Thiobacillus. Determine the rate of sulfuric
acid production within these limits. Conduct a literature survey
and visit such laboratories as may be necessary to establish the
state-of-the-art in the use of bacteria in any stage of a life sup-
port system in an extraterrestrial environment.
Summary
Work on this task ended in fiscal year 1967 and results were reported
in the annual status report. Preparation of a more detailed summary
report and recommendations for further bacteriological studies is
under consideration.
1.
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Task title:
	
Electr.owinning of oxygen from silicate rocks
Investigator: Donald G. Kesterke, Project Leader
Location:	 Reno Metallurgy Research Center
steno, Nevada
Date begun:
	
June 1966
	 To be completed: May 1969
Personnel:
	
Thomas A. Henrie, Supervisory Metallurgist
Donald G. Kesterke, Metallurgist
Freddy B. Holloway, Physical Science Technician
John D. Lafontan, Physical Science Aid
PROGRESS REPORT
Objective
The objective is to determine the feasibility of obtaining elemental
oxygen from silicate minerals by electrolytic methods, for use by the
Earth inhabitants of the Moon. 'emphasis will be directed toward the
determination of essential physical and electrochemical properties of
silicate and silicate-base melts containing various amounts of halide
salts. Complementary investigations will be .:jade to find suitable non-
reactive crucible and anode materials for use in silicate melts, or in
melts containing halides.
Summary
Relative physical characteristics of several types of silicate rocks
were determined. Conditions were established that yield laid melts
having good electrical conductivity at 1,300° to 1,550°C. The effects
of various fluxing agents were investigated, and it was established
that fluoride additives provided the best conditions of melt fluidity
and electrical conductivity. Several silicate minerals were synthe-
sized from their constituent oxides and similarly tested to determine
their melting characteristics, relative viscosity, and relative elec-
trical conductivities. It was found that there were no significant
differences in the high-temperature physical characteristics of these
minerals as compared with simulated lunar rocks.
A problem area was encountered in attempts to find a nonreactive anode
material. Efforts to saturate boron nitride with conductive salts for
possible use as an anode material were unsuccessful, and platinum group
metals were severely corroded by the silicate-plus-fluoride melts. Re-
direction of the research away from the high-silicate, low-fluoride con-,
cept gave encouraging results. In recent tests, using high-fluoride,
low-silicate mixtures, the corrosion of iridium anodes was markedly re-
duced, and a 'loss rate of less than 12 mg per ampere hour at 1,100°C
was achieved. The new approach permitted operation at temperatures
200 0
 to 400°C lower than was possible under the original concept, yet
retained the same degree of bath fluidity and electrical conductivity
as in the higher temperature experiments.
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Progress During the Fourt i Quarter
Objectives for the quarter were to determine the physical characteris-
tics of high-fluoride, 	 low-sil'A'cate mixtures, to make anode-melt com-
patibility tests in these mixtures, and to initiate efforts to design
an electrolytic cell constructed of refractory materials which are in-
ert to elemental oxygen at elevated temperatures,
Experiments continued to stud
	 the physical characteristics of fluoride-P	 Y	 P Y
base silicate-bearing mixtures and to determine the corrosion resistance
of iridium anodes in these mixtures. 	 Melts containing 65,
	
75, and 85
weight-percent fluorides, with the balance basalt-plus-sinter, were
tested at 1,050° to 1,150°C, and shown to be fluid and to have good elec-
trical conductivity.
	 Subsequent anode-melt compatibility tests were made
at the same temperate , res in which 10 to 30 amperes of direct current were
applied to iridium aao<!es.	 In melts containing 2.5 weight-percent sili-
cates,
	
lowest iridium corrosion rates attained were 11.6 to about 14 mg
per ampere hour.	 Decreasing the silicate convent to 15 weight-percent
z did not change the corrosion rate; however, with 3s weight-percent sili-
cate in the melt, the rate was over 23 mg per ampere hour.
Work was initiated to design a cell constructed of refractory materials
which are inert to elemental oxygen at elevated temperatures.	 Essen-
tial features of the cell include a crucible machined from hot-pressed
boron nitride and heat provided by silicon carbide resistors.
	
Cell lin-
ing material will, be alumina, and thermal insulation will be furnished
by alumina grain and boron nitride powder.
Status of Manuscripts
None in progress.
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Task title:
Investigator:
Location:
Date begun:
Personnel:
Stability of hydrous silicates and oxides in lunar
environment
Hal J. Kelly, Project Coordinator
Albany Metallurgy Research Center
Albany, Oregon
April 1966	 To be completed: ,tune 1969
Hal J.: K.clly, Supervisory Ceramic Research Engineer
Raymond Lo Carpenter, Research Physicist
PROGRESS REPORT
Objective
The long-range objective is the determination of the energy requirements
for dissociating silicate and oxide minerals to recover oxygen and/or
water. The immediate objective is to investigate the stability under
high vacuum and elevated temperature of some silicate and oxide minerals
employing differential thermal analysis (DTA) and thermogravimetric an-
alysis (TGA).
Summary
One of the principal uncertainties in the composition of the lunar sur-
face arises from lack of knowledge of the stability of minerals in the
lunar envLronment. Accordingly, to design methods of processing lunar
rocks to recover their useful components, the problem of elevated tem-
perature stability under vacuum of hydrous silicates and oxide-bearing
silicates must be solved. To assist in establishing solutions to these
problems, high temperature, high vacuum DTA and TGA determinatiis are
being made on oxygen-containing and hydrous silicates to establish (1)
their probable stability on the lunar surface, and (2) the thermal en-
ergy necessary to remove the oxygen or water from common rock-forming
minerals by thermal decomposition. This research provides data on the
rate of removal of oxygen and/or water and delineates the conditions
under which removal may be accomplished by thermal disassociation in a
high vacuum environment.
A review of the literature revealed several groups of rock-forming min-
erals that have thermally active members. Members of four groups, zeo-
lites, epidotes, bauxite, and amphiboles, were selected for study, along
with three miscella;aous minerals, brucite, anthophyllite, and goethite.
Preliminary vacuum DTA showed that the bauxite minerals, brucite, and
goethite were so thermally active that the samples were expelled from
the crucibles during the critical period of the reaction. Samples of
other minerals have been obtained and concentrates of purified minerals
have been prepared.
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DTA and TGA studies of actinolite, epidote, analcite hornblende, zois-
ite, and tremolite have been started. Samples of actinolite and epi-
dote were found to have small amounts of carbonate present. New sam-
ples of these minerals have been prepared by acid leaching to remove
the carbonate and DTA and TGA have been made on the leached samples.
A new source of epidote which does not contain carbonate was found and
,amples of thf.s mineral have been obtained, purified, and used tar ther-
mal analyses.
A study was made to see if rovers on the crucibles would hold t 1he more
active minerals in the crucibles during vacuum DTA. It was found that
the sample blew out of the small holes which were provided for the es-
capement of gasses.
A study of the effect of crucible design on the DTA curve was made.
Three styles of crucibles were tested. Crucibles 3/4-inch high with
1/2-inch deep thermocouple wells produced the largest response. Half-
inch high crucibles with 1/4-inch wells were almost as responsive. Cru-
cibles 3/4- inch high with 1/4-inch wells gave the smallest peaks although
the sample mass was greatest.
Improvements have been made in the TGA and DTA equipment. A rebuilt
platinum-wound furnace for the TGA equipment can be used up to 1,200°C
at a constant heating rate of 9°C or less per minute. The X-Y recorder
used with the DTA equipment was reconditioned. New thermocouple insu-
lation and a longer tantalum heat shield were installed in the DTA fur-
nace. Adjustment of the DTA control unit was made to improve the heating
rate and make it nla2,:e nearly linear in the low temperature range.
A new platinum calorimeter has been made and used for ►1TA of minerals
in air. Calibration of this and of the tantalum calorimeter have been
started.
Progress During the Fourth Oua,rter
The objectives for the quarter were to continue the DTA and TGA studies
of the minerals which have been purified, to construct a platinum calo-
rimeter, calibrate it, and to obtain DTA curves for decomposition of
minerals in air.
A differential calorimeter wa.3 constructed so that DTA data could be
obtained on the decomposition of minerals in air. The calorimeter uses
3/4-inch high platinum heat shields with 1/4-inch deep thermocouple wells.
Data has been obtained on epidote, tremolite, actinolite, zoisite, and
hornblende. These minerals, with the exception of hornblende, produced
satisfactory thermographs. The peak area for hornblende was very small
and the base line after the reaction was completed was offset so that the
area under the curve is not well defined.
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Vacuum DTA thermographs were obtained on epidote and actinolite which
had been acid leached to remove carbonate impurities, The thermographs
for leached epidote had two endothermic peaks, one at 815'C and the oth-
er at 970 °C.
A new sample of epidote which did not contain impurities of this type
was obtained, and a vacuum DTA run was made on it, and on zoisite. Com-
parisons of the data for decomposition in air with that for decomposi-
tion in vacuum for these minerals sh ,)w that their peak temperatures and
end t.emraratures are lowered by decomposition in vacuum and the start-
ing temperature for zoisite is also lowered by the vacuum environment
but unchanged for epidote.
Calibration of the new platinum calorimeter was started. Four curves
were made using various amounts of calcium carbonate. The area under
the peaks was measured five times with a planimeter and the average cal-
culated. t. linear regression equation was fitted to the data g:ivinga
Y = 0.017X + 0.11
where Y is the area under the curve and X is sample weight. Since the
area is a linear function of the mass of sample, it. is also a linear
function of the heat liberated during the reaction, and therefore heats
of reaction can be determined.
A series of curves with various weights of meta-kaolinite have been
Made. These will be used in the calculation for this mineral to check
previous calculations. This mineral ca.a then be used for calibration
in vacuitm.
Efforts have continued toward improvement of the operation of the DTA
equipment. A troublesome problem is base line drift in a vacuum envi-
ronment, especially at low temperatures. To decrease base line drift,
smaller crucibles were tried, reversing the position of the sample and
neutral material in the furnace was tried, a faster heating rate was
used, and a different neutral material was used. None of these appeared
to have any effect.
t Thermogravimetric analysis was repeated on the sample of actinolite
which had been leached to remove the carbonate impurity. The total
weight loss was 2 percent which is one-half of the amount expected.
This is equivalent to one (OH) radical. It is possible that a higher
temperature will be required to remove the other (OH) radical or that
the leaching process altered the mineral in the process of removing
the carbonate.
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originally scheduled for completion in fiscal year 1968, this task has
been extended so that additional data can be developed. Completion is
planned by June 1969.
Status of Manuscripts
None in progress.
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